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1.0 INTRODUCTION

rhere is interest in the design of an effective low profile, high
gain, SHF aircraft antenna for Satellite Communicatlons which provides cover-
age over the entire upper hemisphere. Existing SHF aircraft terminas

use parabolic antennas enclosed in large radomes mounted at the top of the
aircraft fuselage. The parabolic antenna represents the best developed
and iiighest efficiency antenna design and provides the desired antenna gain
over the coverage region. However, the excessive air drag produced by the

large radomes makes this antenna configuration unattractive for many

applications, especially for high performance aircraft. The design of a

low profile SHF aircraft antenna to replace the parabolic antenna is a
difficult and challenging problem.

Many attempts have been made to design low profile (flush-mounted or

conformal) high gain aircraft antennas for this application. All of the
array designs considered can be categorized into two basic approaches. One

approach is to use two arrays to provide hemispherical coverage, one on each

side of the airframe with beam overlap to assure adequate coverage at

zenith. Another approach is to use a single array located at the top cen-
ter of the fuselage to provide the hemispherical coverage. However, a

single low profile antenna, such as a microstrip antenna array or an

electro-mechanical steered phased array which scans the beam mechanically
in azimuth and electronically in elevation(I), suffers severe gain degrad-
ation at low elevation scanning angles. These scanning losses are mainly

due to geometrical and physical limitations(2) such as reflection, diffrac-

tion, aperture projection efficiency and polarization loss. Many of these
losses are associated with the particular array ground plane of the air-

craft fuselage. Surface wave techniques were successfully employed(2) to
reduce the loss, but their applications are limited to less than 10 percent

of the frequency bandwidth.

The approach of using two arrays offers a potentially realIzable
solution to the problem. However, the arrays still cannot provide effi-

cient coverage near the nose and tail regions of the aircraft due to the

same physical and geometrical limitations. Adequate coverage in these
regions requires the array apertures to be far larger than that required



for other regions of coverage. Microstrip or stripline phased arrays are
low-cost antenna candidates for this type of conformal aperture applica-

tion. The use of diode phase shifters in these arrays limit their appli-

cation in high power transmission because of the restricted power handling

capabilities of the diodes.

This report presents a tent shaped phased array(3) consisting of

four planar arrays arranged in a streamlined configuration and packed in-

side the tent structure as shown in Figure 1. The tent array is low pro-

file and provides an electronically steerable beam for hemispherical coy-

erage. The antenna is capable of high power transmission and provides an

adequate gain coverage near the horizon. It is a compromise solution
between gain coverage and aerodynamic impact. A descriptive comparison of
the antennas is given in Figure 2.

In the folloving, the array design considerations such as gain, hemis-
pherical coverage, aerodynamics, transmitting power, array packaging, and
their effects on the design of array components are presented. A detailed

design and implementation of a 20dB gain tent array is given. The extension

of the design to a 30dB gain array is dicussed. A breadboard array will be
constructed in the remaining program period to demonstrate the performance

and to verify the concept of the tent shaped phased array.

2.0 ARRAY DESIGN CONSIDERATIONS

A study was performed to design a tent shaped phased array to meet
the antenna specifications shown in Table 1. The design of an optimum

array configuration and the selection of array components depend on theeffective trade-offs among the design parameters. A detailed consideration

of these parameters is given in the following.

2.1 Key Array Design Parameters. The antenna specifications given in
Table I include transmit and receive operation, dual circular polarization,

2OdB gain for near hemispherical coverage, -20dB sidelobes in the azimuth
plane, high transmit power (3KW), and physical constraints. The design of

array components to meet the antenna performance requirements is complicated

by the interactions of these parameters.

2
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TABLE 1. TENT ARRAY SPECIFICATIONS

Frequency: 7.25 to 7.75 GHz, receive
7.90 to 8.4 GHz, transmit

Polarization: RHCP, transmit
LHCP, receive

Axial Ratio: 3 dB to within 100 of horizon

Gain: 20 dB except 300 half cone at
nose and tail where 18 dB is
acceptable.

Sidelobes: -20 dB in the azimuth plane
-12 dB in the elevation plane

VSWR: < 2:1

Power: 3 kW CW, goal

Physical Requirements: - Maximum tent size:
36" length, 8" height

- Conform to C-135 type aircraft

- 5" radius maximum aircraft hole

5
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An essential requirement is adequate coverage over the hemispher-

ical region such that a satisfactory communication link with the satellite

can be maintained. The gain requirement is a prime factor in determining

the size and shape of the antenna, which in turn controls the aerodynamic

drag of the antenna. Since the antenna consists of four planar arrays

arranged in a tent shaped configuration, the coverage of each array can be

traded off and the array configuration can be optimized to minimize the aero-

dynamic impact and to provide the maximum gain coverage over the hemispher-

ical region. The antenna components such as the aperture elements, polar-

izers, phase shifters, and feeding network must be designed not only to meet

the requirements of frequency, polarization, gain, and sidelobes, but also

to be capable of handling high transmit power and satisying the size constaints

of the tent shaped configuration. The optimum array configuration is basic-

ally a trade-off among coverage gain, aerodynamics, and the mechanical struc-

ture needed for array packaging. The high power requirement has direct impact

in the design of array components.

2.2 Scan Contours. Figures 3, 4, and 5 show the scan contours for two

arrays mounted in the tent shape in which the end array has 3dB less gain

than the side array. The scan contours(3) are scanning gain contours of
a side array and an end array plotted on a half of the top hemisphere of

the aircraft. The coordinates of such a scan contour plot are aircraft coor-

dinates, i.e., azimuth and elevation angles. A zero azimuth angle represents

the aircraft nose direction. A zero elevation angle is the aircraft vertical

axis. The coordinates are obtained by transforming the constant gain contours

of the arrays from local coordinates to the aircraft coordinates. The gain

values in the scan contours are the peak obtainable gains for an array beam

scanned to the indicated directions. The equations of coordinates transform-

ation can be found in Appendix A.

The scan contour is a useful tool in determining an optimum array

configuration for the desired coverage. By assuming the scan contours at
-3.5dB to be the maximum allowable scanning loss, the shaded areas of the scan

contours represent the regions where the gain specification cannot be met.

For given end ana side arrays, the shaded area can be minimize by properly

tilting the arrays to form an optimum tent configuration. In Figure

3, the side array is tilted at 300 and the tilt angle of the end

6
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array is varied to minimize the shaded area. Figure 4 presents the optimum

array configuration for the case where the tilt angles of the side arrays

are 340. Figure 5 shows the contours with side arrays tilted at 450. A

study of the scan contours reveals that the corfiguration with side arrays

tilted at 450 and front array at 100 represents a nearly optimum solution

of the coverage problem. It was also observed that small variationi in tilt

angle from the "optimum" solution do not significantly degrade the perform-

ance. Hence the tilt angles of the array can be approximately chosen for

the convenience of aerodynamic concern and the mechanical packaging of the

array.

2.3 Array Configurations. The array configuration design process is

shown in Figure 6. The design parameters which significantly impact the

array configuration and packaging are the scan contour, radome height, and

the array depth. For a given gain requirement, the scan contours are used

to obtain values of scan angles ind tilt angles for each of the end and side

arrays as discussed in Paragraph 2.2. The maximum scan angles determine the

maximum array spacings that can be used without introducing grating lobes.

The array components including the antenna element apertures, polarizers,

phase shifters, and the feed network set the array depth and the array loss.

The total array aperture is calculated from the required gain, scan loss at

maximum scan angle, and the array loss. The tilt angle and the maximum

allowable radome height limit the array height. Then, the remaining di-

mensions of the array and also of the radome are calculated from the required

array aperture. If the resulting array configuration is aerodynamically

acceptable, the array configuration is frozen. Otherwise, the design pro-

cess is iterated by varying the scan contour, radome height, and array

"depth.

Figure 7 shows the array dimensions of an array design as a fun-

ction of the radome heights. In this array design, the tilt angles of side

array and end array are 450 and 200 respectively from the vertical positions.

The maximum scanning angle is 630 for the side array, and 30° for the end

array. The depth of the arrays is fixed at 10 inches for dielectric loaded

waveguides and 11.5 inches for no dielectric loaded waveguides. The re-

quired array aperture is calculated using an array loss of 4.23dB (without

10
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counting the scan loss). It is shown in Figure 7 that at a radome height

of 8 inches, the side array width is 100 inches, which results in dis-

proportionately large side arrays and far exceeds the required tent con-

figuration of 36 inches. A compromise between the radome height and I
length must be made. The loss budget of the arrays is shown in Table 2. r

The detailed computation of the array dimensions is presented in Table 3.

An active element pattern loss of IdB ias used for ground plane effects,

in addition to the aperture projection factor.

The depth of the array has a direct impact on the array configur-

ation design. If the array depth is less than 10 inches as shown in the

above example, more array elements can be placed in the vertical direction

for a given radome height and the problem of required array width can be

alleviated. The array depth depends on the dimensions of the selected

array components such as the element apertures, polarizers, phase shifters,

and the feed network. The minimum array depth is limited by the achievable

array component dimensions which must be designed to meet the array require-

ments of operating frequencies, scanning, polarization; and high power

capacity. The minimum array depth, and thus the array packaging configur-

ation, is directly proportional to the efforts taken for the development of

array components.

The array depth also has a significant aerodynamic impact on the

array projected area in the streamline direction. The projected array areas

of the array configuration given in Figure 7 are plotted in Figure 8 as fun-

ctions of the array depth. The projected areas are normalized to the array

area with zero thickness. The radome height is fixed at 8 inches. The

larger projected area of the end and side arrays is the projected area of

the tent array configuration. It is interesting to note that the side array

dominates the projected area until the array depth reaches approximately

9 inches. It should be noted that this relationship of projected area is

* " a function of the antenna gain and the tilt angles of the arr3ys. The pro-

jected area of the end array will play a more important role when the re- 4

quired antenna gain is increased or the tilt angle of the end array is

reduced. The importance of the array depth in the design of array configur-

ation is significantly reduced when the required antenna gain is increased

to 30dB.

13



TABLE 2

LOSS BUDGET

Side Arra End Array
(630 Scanlý (300 Scan),

Scan Loss 3.5dB 0.5dB
IPPhaseShifter 1.0 1.0

Phase Quantization 0.5 0.5
Polarizer .05 .05
Aperture Active Impedance 1.25 1.25
Radome .3 .3
Wavegulde Feed Network 1.0 1.0
Polarization Mismatch .13 .13

TOTAL 7.73dB 4.73dB
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2.4 Aerodynamic Impact. Any protrusion on the aircraft body will re-
sult in some drag increase which ultimately manifests itself in a reduction

in speed and range of the aircraft. The tent array will be enclosed in a
streamlined radome in the shape of a half body. The shape, that is, its
length (1) to height (h) ratio has been selected to minimize the local

drag coefficient Cdo. The theory of fluid dynamic drag(4) indicates that
the 1/h ratio must be at least 10-12 in order to minimize the drag coef-
ficient and consequently the drag. The width of the half body and its

trailing edge must also be the optimum dynamic shape. For a least drag
design, the radome has to be of considerable length, consequently the trail-
ing edge is not a desirable RF window because of the long acute angles of

the sandwich shell.

An approximate estimate of the value of drag caused by the radome
is given by:

Drag a Cdo x S x q

Where Cdo • Local drag coefficient
S - project area in ft2

q a dynamic pressure (lbs./ft 2 )

and dynamic pressure is given by:

q a 1/2pV2

Where V - m.p.h.
and 1/2p is a constant which is a function of air density.

For example, for an aircraft flying at 600 m.p.h. at 35,000 ft

q - 0.00095 x 6002

a 341 lbs./ft 2

Selecting a radome with a projected area (head-on into the wind)

of 2.5 ft2 and of sufficient streamlining (1/h approx. 10), Cdo - 0.045.

Thus drag a 0.045 x 2.5 x 341

- 38.4 lbs.

17



This is a near optimum shape of the radome. However, it is not best suited

as an RF window, consequently a compromise has to be made which will in-

crease the drag.

Figures 9-12 presents a variety of radome shapes for enclosing
the tent array configurations. A summary of the estimated radome weight

and the potential increase in fuel consumption for these array and radome

configurations is shown in Table 4. The 20dB gain tent array design de-
scribed in Figure 7 and a cylinder shape similar to the C-135 aircraft
fuselage, were used for estimating the radome weight and the fuel consum-

ption percentage for this particular requirement. Every attempt should

be made to reduce the overall array projected area.

2.5 High Transmit Power. The high transmit power requirement impacts

the array component designs in several ways. It definitely influences

the choice of phase shifters and their design, and necessitates that at
least a portion of the feed network be waveguide. The compact packaging
required for aerodynamic considerations and close element spacing may lead

to thermal problems under high power operation. The power consideration

suggests that the array component designs be waveguide structures.

2.6 Array Packaging and Component Design. The tent arrays must be

packed into the tent configuration to minimize the aerodynamic drag. The
array package has been identified as a major issue and has a great impact

on the design of array components such as antenna aperture, polarizer,
phase shifter, and feed network. As discussed in Section 2.5, the high
transmit power requirement dictates the use of ferrite phase shifters for

transmit, and waveguide type structures for antenna elements and feed
network, which in turn, imposes a severe packaging problem for the array.

The design considerations of antenna element, polarizer, and feed network
are discussed in the following.

2.6.1 Antenna Element/Polarizer. The considerations of high power
transmission and dual circular polarization operation suggest the use of

an integral element of square waveguide and a septum polarizer(5). Although
the septum polarizer has a drawback of a relatively long dimension from

launching point to aperture, its selection was based on the following:

18
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1) The compact in-line geometry of this type of polarizer

has a high packing factor.

2) The dual orthogonal circularly polarized outputs

eliminate the need for a diplexer and allow one

antenna element to be used for both the transmit and

receive functions.

3) All waveguide structure minimizes the RF loss.

4) It accepts relative high power.

5) It has good on-axis ratio and good polarization

isolation.

6) Its simple mechanical configuration permits repeatable

and low cost prodiction units.

The basic tent array design requires the side array to be capable

of scanning to ±600. The array element spacing must be small enough to

prevent the generation of grating lobes at a frequency of 8.4GHz when the

beam is scanned to the extreme angle. However, this type of element spac-
ing will make the element below cut-off at a frequency of 7.25GHz. One

method of overcoming the problem is to load the waveguide and feed assembly

completely with dielectric material. Other alternative methods include

the use of ridge wavegulde and the use of an unconventional septum polar-

izer. The ridge waveguide approach requires the utilization of triangular

ridges to reduce the possibility of generating unwanted TE2 1 modes at the

waveguide and septum transition. The concept of an unconventional septum

polarizer involves the use of a nonuniform rectangular waveguide in the

septuor region such that the dielectric loading or ridges can be eliminated.

A description of such an unconventional septum polarizer is presented in

Appendix B. Although the latter two methods offer potential solutions to

the problem, the practical application of these techniques cannot be achieved

without further study. Thus, dielectric loading is recommended.

2.6.2 Feed Network. The major considerations dominating the feed

network design include the power handling capability, low loss, and

24



compactness. The feed network is intimately associated with the array size

and hence the aerodynamic impact on the aircraft. A low loss feed network

is essential to minimize the aperture size. A waveguide feed is in general
low loss and thus is desirable for this application. The compact packag-

ing of a waveguide feed behind the array aperture requires an innovative

electrical and mechanical design. The aperture elements will be closely
spaced to avoid grating lobes at large scan angles, consequently, a wave-

guide feed network may have to be dielectrically loaded to physically fit

the available space behind the aperture. The problems of interaction be-

tween the power taps, and controlling the amplitude to each of the aperture

elements, given the size constraints, requires new accuracy. Impedance

matching is an important requirement for the feed network design. A non-

binary type of feeding structure is appealing because of the requirement

for compactness. Phase compensation methods must also be considered for

phased array operations.

One conceptual design of a nonconventional feed network is illustrated

in Figure 13. As is shown in the figure, the matrix of aperture elements is

connected directly to the polarizing section. The two waveguide outputs

of the polarizers connect to separate transmit and receive phase shifters.
These phase shifters are in turn connected to the narrow wall of a common

waveguide through a controlled coupling hole or slot. The common guide has

the same height dimension as the phase shifters and polarizer output. The

broad dimension of the common guide is adjusted to provide one guide wave-

length spacing between the coupling apertures to provide controlled coupling

to all of the elements in each row. This common guide is fed from a T

junction at the center of the array. After a right angle H plane, bend the

common guides from rows of elements are combined to a single transmitter

port. A similar arrangement can be used for the receive function with the

combiner located on the opposite side of the centerline of the array. This
feed configuration provides a very compact low loss waveguide system for

both the receive and transmit modes. The amplitude taper required for the

-20dB sidelobe level can be obtained through the properly controlled wave-

guide coupling of the elements. However, the mutual coupling among the

amplitude coupling holes in the common waveguide presents amplitude and
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phase errors. Impedance matching for the entire frequency band requires

special treatment. An alternate design of the feed network Is to use

septum type power dividers for proper power distribution and amplitude

tapering, and to use step transformers for impedance matching. The latter

feed network increases the array depth slightly compared to the former

one, but eliminates the problem of mutual coupling. The selection between

the two is a trade-off of development effort and array depth. A detailed

description of this latter feed network will be presented in Section 3.

2.7 Array Element Pattern. The actual array radiation pattern must

be used in the study of scan contours and array coverage. The array pat-

tern can be obtained by computing the array active element patterns includ-

ing the array mutual coupling and finite array edge effects. The effects

of the cylindrical ground plane on the active elements may be estimated

by using the theory of geometrical optics. The array pattern is then com-

puted as the summation of the products of the array factor and the element

patterns. A simple method of computing the element pattern is given in

Appendix C.

2.8 Mechanical Considerations. Since the tent array is intended for

airborne use, light weight is a main consideration. It is therefore im-

portant that each element of the array be as light as practical, hence thin

wall techniques must be employed. The elements would be individually con-

structed with thin walls and bonded into an array. This is a two-fold

attack to minimize cost. It reduces the risk of an array being unusable

because of a flaw in one or two elements, and leads to a repetitive pro-

duction of identical parts. Very thin wall investment casting, as is fre-

quently used in airborne and spaceborne electronics boxes, would lend itself

well to these requirements.

There are high vibration levels in aircraft as well as some shock.

Regardless of the importance of light weight, the assembled array must be
capable of withstanding the vibration, operational shock, and crash safety

shock. The array must be tightly packaged in order to meet the electrical

performance requirements. Each element must be assembled directly in con-

tact with its neighbors, consequently access to and room for mechanical

fasteners is unavailable. Should it be structurally necessary, casting can
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be produced in brazeable alloys so that the array could be dip brazed. Ad-

hesive bonding of the elements is most attractive. It'provides sound

structural integrity and low temperature cures, avoiding warping. Further,

it permits handling and adjusting in low cost tooling during assembly.

Access to the interior of the aircraft must-also be made available.

By mounting the array control unit on top of the aircraft between the array

faces, only two waveguides and a power supply cable will penetrate the skin.

These can be arranged to require an access hole less than 3 inches in dia-

meter. It is desirable to make this access pressure tight to maintain the

interior aircraft pressure and to prevent the radome from experiencing

a pressure differential. A fiberglass reinforced plastic (FRP) can be used

for the radome and must be relatively thin wall to minimize the electrical

effects. The radome can incorporate a fairing for aerodynamic efficiency.

The fairing may cause electrical distortion, but the distortions can be pre-

programmed into the controller after testing. Local reinforcing of the

radome is required where the radome attaches to the aircraft to withstand

the forces of high speed flight and the vibration and shock. Consistently

similar FRP radomes are possible using wet layup and vacuum bag techniques

with a precision mold.

2.9 The Design of a 20dB Gain Tent Array. The dominating factors of

design parameters and considerations presented in previous paragraphs are

antenna gain for hemispherical coverage, the physical constaints for aero-

dynamic performance, and the high power radiation. The gain coverage over

a hemisphere is a prime factor in determining the required aperture size

and shape of each of the four planar arrays. The size and shape of the

tent array controls the aerodynamic impacts of the antenna. The high trans-

mit power consideration suggests that the array component designs be wave-

guide structures, which in turn impacts the array packaging and aerodynamic

effects. The design of an optimum tent array is basically a trade-off of

gain coverage, aerodynamics, and mechanical structure of the array compo-

nents for packaging.

The study of array coverage using scan contours indicates that the
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array configuration with side arrays tilted at 450 and front end arrays

at 100 represents a nearly optimum solution of the coverage problem. It

was observed that small variation in tilt angle from the "optimum" solution
do not significantly affect the array performance. Thus, the end and front
arrays can be tilted at a large angle, such as 200,, to provide better
coverage in regions other than horizon.

The study of aerodynamic impact concluded that the array projected
area plays a more important role than the radome streamline shape in the
increase of fuel consumption percentage for the tent array requirements.
The array configuration, the radome height, and the component dimension
must be designed to reduce the overall array projection area.

A block diagram was presented in Figure 6 to illustrate the iter-
ative array design procedure. The most significant design parameters are
the radome height and array depth. They interact with each other and have dir-
ect impact on the array packaging and aerodynamic effects. As is shown in
Figure 7 and Table 3, if the radome height is fixed at 8 inches and array
depth at 10 inches, the required array width of the side array is approx-
imately 100 inches, which is much longer than the desired length of 36
inches. This array length can be reduced to a reasonable size by using more
compact array components or increasing the height of the overall array. The
maximum allowable height of the array is mainly specified in the concern of
the aerodynamic impact. The minimum array depth is limited by the achievable

array component design, which must be designed to meet the requirements of

operating frequencies, scanning, and high power capability. An array depth

of 10 inches is achievable using existing hardware of square
waveguides, septum polarizer, and the step transformer type of power combiner.
The use of a nonconventional power combiner (Figure 13) and a compact sep-

tum polarizer and phase shifter is capable of reducing the array depth to

6 inches. The minimum obtainable array depth is then proportional to the

effort taken for the development of compact array components.

The various array dimensions given in Table 3 were calculated based

on the array losses of 7.73dB for the side arrays, and 4.73dB for the end

and front arrays. The array loss can be minimized and the array aperture
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size reduced by carefully matching the array aperture and controlling the

mutual coupling effects.

A typical 20dB tent array designed to best meet the array specifi-

cations is presented in Table 5. This array employs the array configuration

with side arrays tilted at 450 and end arrays at 200 to provide optimum

gain coverage. The array losses of 6.98dB and 3.98dB are used for the side

and end arrays. The element spacing of .78 inches is designed for the

side arrays in the consideration of grating lobes at maximum scanning angle.

The same element spacing is used for the end arrays in the concern of mech-

anical fabrication and array packaging. The array depth of 6 inches is assumed

based on the use of an unconventional power combiner and a compact septum

polarizer and phase shifter. The array has the overall array size of a

height of 8 inches and a length of 38 inches. The total required number of

array elements is 524.

-3.0 TENT SHAPED PHASED ARRAY

The design implementation of the tent shaped phased array consisting

of four planar phased arrays is presented in this section. Each face of the

array consists of square waveguide elements, septum polarizers, ferrite
phase shifters for transmit and diode phase shifters for receive, and a com-

pact feed network. The step transformer type of feed network is used, which
results in an array depth of 10 inches. A microprocessor provides the fun-

ctions of beam steering and phasing correction. A detailed description of

the components is given in the following.

3.1 Tent Array and Square Waveguide Elements. One planar array of the

tent shaped arrays with 8 x 12 elements is shown in Figure 14 for the purpose

of illustration. The array consists of 96 square waveguide element modules,

compactly packed and fed by a low loss feed network. The element module

contains the open-ended square waveguide aperture, a septum polarizer, and

phase shifters for transmit and receive. The element module is dielectric

loaded to eliminate grating lobes. The septum polarizer is considered as an
integral part of the antenna element. It is selected for the dual polariz-

ation operation of the tent array. The cross section views of the septum

polarizer as shown in Figure 15 demonstrates the technique of generating
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TABLE 5. THE DESIGN OF A TYPICAL 200D GAIN TENT ARRAY

Side Array End Array Total Array

Scan Sector ±630 t300 -

Tilt Angle 450 20°

Minimum Coverage Gain (dB) 20 20 20

Total Losses (dB) 6.98 3.98 -

Directivity (dB) 26.98 23.98

Required Aperture Size (n 2  105 52.6 -

Element Spacing (in) .78 .78 .78

Array Depth - d* (in) 6 6 -

Array Height - h'* (in) 4.68 6.24 -

Array Width - W* (in) 22.62 8.56 -

Array Elements 6 x 29 8 x 11

Number of Elements 174 88 524

Overall Array Size:

Height - H* (in) 8 8 8

Length - (in) - - 38

Radome Configuration 1E**

*The symbols of the array dimensions are illustrated
in Figure 7.

**See Figure 10.
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circularly polarized signals through the septum transformation. It should
be noted that the array elements in Figure 14 are configured in a square
grid. In practical applications, the elements can be arranged in a tri-

angular grid which offers a potential reduction in the number of antenna
elements needed( 6 ). In addition, the triangularly packaged array has
a positive effect on the axial ratio performance of the array pattern.

3.2 Phase Shifters. For the tent array application, ferrite phase

shifters are selected for the transmit operation, and 4-bit diode phase
shifters are recommended for receive. Diode phase shifters have higher'
insertion loss and lower power capability, but have advantages of size, weight,

and cost. The ferrite-phase shifters have the disadvantages of size and
weight. The use of ferrite phase shifters in tfansmit ports of tent arrays

is necessary for high power operation. The selection of diode phase shift-

er for receive is mainly in the consideration of weight and cost. A 4-bit
diode phase shifter is preferred for the tent array due to the concern of
sidelobe level generated by the phase quantization error.

The physical layout and dimensions of the phase shifters in the
waveguide system are shown in Figure 16. The ferrite phase shifter requires

a driver card which contains logic and analog circuitry. This circuitry
is hybridized and mounted in the receive side of the waveguide system along

with the receive diode phase shifter, as shown in Figure 16. The receive

phase shifter is a microstrip hybrid-coupled bit circuit, and is matched to
the waveguide on both ends with coupling probes. It requires no drive card
or separate power lines. Eight control lines are required for each element.
The control circuit wires must run outside the waveguide corners because of
the array element spacing and the location of the phase shifters, hence each

element in the array is chamfered, forming a channel sufficient to permit
the wires to pass.

3.3 Feed Network. A complete feed network was designed for the 12
element wide by 8 element high array. The network provides amplitude taper-
ing in the azimuth plane for 20dB sidelobe levels and provides uniform

amplitude in tne elevation plane. A section of the feed network connecting

to three rows of element modules is shown in Figure 17. The feed network

34



i v

H

(A3

ILI

iia

35



TENT ARRAY

FEED NETWORK

36



Is conveniently described in the terminology of transmit. As is shown,, the

feed network consists of three major parts; namely, the elevation power

divider, the azimuth power divider, ano the waveguide transformer.

The elevation power divider consists of two E-plane binary

power dividers, one for transmit and one for receive, and the associated

H-plane tees. The binary power dividers that connect to the flanges of

the H-plane tees are not shown in Figure 17. The H-plane tees feed the

12:1 azimuth power dividers which divide the power into the 12 elements with

proper amplitude taper. The transformer section converts the odd size

couplity hole in the azimuth power divider to the standard size guides of

the element modules.

The H-plane tee -feeding the center of the 12:1 power divider is

folded as shown in (1); (2), and (3) of Figure 18. There are two, 12:1 power

dividers which are mounted back to back for transmit and receive. These 12:1

power dividers, are fed by a pair of H-plane tees, back to back, as shown

in (4) of Figure 18.

Each 12:1 azimuth power divider consists of two identical (but mir-

ror image) 6:1 power dividers fed at the center by the H-plane tee. The

6:1 power dividers splits the waveguide in the E-plane in the ratio of the

desired power. For instance in Figure 19, if one-third of the available

power is to be split off the main line, a septum dividing the guide in the

E-plane into 1/3 and 2/3 will split the power 1/3 and 2/3 at the junction.

The thi,-d of the power split off can then be routed to an antenna element

and the remaining power can then be further divided by other antenna ele-

ments further down the array. In the figure the waveguide which was 2/3
height waveguide is then stepped up to full size for the next power split.f
This is not absolutely necessary if the septums are infinitely thin or the

number of elements are few, but for six elements some increase in guide

height is deemed necessary after each division.

A section of the waveguide at the center of the azimuth power div-
ider is shown in Figure 20. Two array elements located at the center of '
the waveguide are directly fed by the input step transformer through the

thin septum in the upper wall of the azimuth power divider. The remaining

electrical powers are guided by the septums in the waveguide divider to feed I
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the rest of the elements. The cross section view of the half of the azimuth

power divider and elements fed are shown in Figure 21. The design detail

dof the azimuth power divider for feeding the wavegudes to provide a -2odB

sidelobe is given in Figure f22 A back view of the entire array showing

the transmit and receiving ports is presented in Figure 23.

3.4 Array Contr•oller. A microprocessor is suitable to perform the

array controller functions of the tent array. The microprocessor accepts

beam pointing and frequency commands Inputs, and provides control signals

to the array phase shifters. The control signals are generated by the pro-

cessor through the performance of many functions including array aperture

switching logic, coordinate transformation, feeding phase error correction

in frequency, and calculation of phase shift based on scan angle, frequency

and element positions. A microprocessor type of array controller is also

capable of performing additional functions such as beam search and auto-

matic calibration.

3.5 Mechanical Structure. An array configuration for the tent array

is shown in Figure 24. Thin wall techniques are used to make the elements

of the array as light as practical. The array is also tightly packed and

fastened to meet electrical performance and to withstand vibration and

shock. Access to the interior of the aircraft is made available by mounting

the array controller unit on top of the aircraft between the array faces.

Since only two waveguides and a power supply cable will penetrate the air-

craft skin, an access hole of less than 3 inches in diar.eter is required.

4.0 30DB GAIN ARRAYS

The design considerations and procedure presented in Section 2.0

are directly applicable to the design of a 3OdB gain antenna. The antenna

configuration will be similar to the one used for the 20ad gain antenna.

The major difference between the design of a 20dB gain antenna and a 30dB

* gain is the impact of the element depth. For a 2OdB gain antenna, the

achievable component depth limits the array packaging configuration and

has a significant aerodynamic impact on the array projected area in the

streamline direction. For a 30dB gain antenna, the effects of component

depth on the aerodynamic impact is greatly reduced because in this case the
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antenna aperture of the end array dominates the projected area in the

streamline direction.

The design of a typical 30dB gain tent array is given in Table 6.

For the purpose of comparison and illustration, this array employs the

same array tilt angles, maximum scan angles, and array depth as the ones

used for the 20dB gain antenna presented in Table 5. The total array

loss was increased by .2dB for the additional loss in the waveguide com-

biner. The overall array height has been increased to 12 inches as a trade-

off of the array dimensions for a reasonable tent array length in the

streamline direction and an adequate array width acrossing the fuselage

cross section. The overall array length is 119 inches. Since the impact

of the array depth to the packaging is reduced, large waveguides with no

dielectric loading are used for the end arrays. The total required number

of array elements is 4,888.

The 30dB gain array in Table 6 illustrates the extension from the

20dB design to the one of 30dB. The required larger antenna aperture in-

creases the aerodynamic impact of the aircraft. The array configuration must

be optimized through many design iterations. For instance, in the case of

20dB gain antenna, it may not be advantageous to tilt the end array away
from the vertical position due to the constaint of component depth and its

effects on the array packaging. For a 30dB gain antenna, it appears to be

more desirable to tilt the end array as far as allowable such that the end

arrays can be used to cover more of the scan region and consequently, the

scanning requirements of the side arrays can be reduced. In addition, the

designs of the array and components can be optimized to achieve maximum array

efficiency and to minimize the losses. The breadboard of a partial tent

array is in the fabrication process. The performance of the components and

array will be carefully evaluated to derive an achievable 30dB gain tent

array design.

5.0 THE BREADBOARD ARRAY

A 4 x 6 breadboard array will be built and tested to demonstrate

the feasibility of the tent array design. The array consists of 24 square
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TABLE 6. THE DESIGN OF A TYPICAL 30dB GAIN TENT ARRAY

Side Array End Array Total Array

Scan Sector ±63 ±30o0

Tilt Angle 450 200 -

Minimum Coverage Gain (dB) 30 30 30

Total Losses (dB) 7.18 4.18 -

Directivity (dB) 37.18 34.18

Required Aperture Size (in 2 ) 1099 551 -

Element Spacing (in) .78 .933 -

Array Depth - d (in) 6 7

Array Height - h' (in) 10.92 10.26

Array Width - w (in) 100.62 54.1

Array Elements 14 x 129 11 x 58 -

Number of Elements 1806 638 4888

Overall Array Size:

Height - h (in) 12 12 12

Length - (in) 119

Radome Configuration Modified 1E*

*See Figure 10.
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waveguide elements including the septum polarizer, 24 3-bit diode phase

shifters, a unique feed network, and a microprocessor. The array will be

tested in the receive mode with the transmit port properly loaded. The

objective of the breadboard is to demonstrate the performance of the crit-

ical components and to verify the concept of the tent shaped phased array.

The array will be electronically scanned and antenna pattern character-

istics will be measured. Then the performance of a 20dB gain full tent

array will be induced. The results will also be extended to the 30dB

gain tent array,

6.0 CONCLUSION

The tent shaped phase array provides fully electronic scanning

and hemispherical coverage, and offers the potential for a lightweight, low-

drag SHF aircraft antenna for satellite communications. A 20dB gain tent

shaped array capable of handling high transmit power was designed to derive

the optimum tent array configuration. The major design parameters include

antenna gain, hemispherical coverage, aerodynamic impact, power handling

capability, and array packaging. The array projected area plays a more
important role than the radome streamline shape in the increase of fuel

consumption percentage for the tent array requirements. The array depth has

a significant impact on the aerodynamic effects and array packaging. Thq

development and design of compact array components to reduce the array depth

and to provide high power capability is the key factor to the successful

application of the tent array concept.

The array configuration of the 20dB gain antenna was applied to the

design of a 30dB gain antenna. The array depth has a less degree of impact

on the aerodynamic effects and array packaging due to the fact that the

antenna aperture of the end array dominates the projected area in the

streamline direction. The array configuration and the design of components

can be further optimized to achieve maximum array efficiency and to minimize

the array loss.

Efforts will be concentrated on the hardware fabrication and measure-

ment of the breadboard array for the remainder of the program. The measured

antenna pattern characteristics will be analyzed to predict the performance
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of a full-sized array and to ultimately verify the concept of the tent
antenna.

494

millb

4•4

4 9 . . . .. , .... .... .. .. .. 1



1:(1) Maune, J.J., "An SHF Airborn4 Receiving Antenna", 22nd Annual
Symposium on USAF Antenna Research and Dev~elopment, 1972.

(2) Mailloux, R.J., "Phased Array Aircraft Antennas for Satellite
Commiunications", Microwave Journal Vol. 20 (No. IQ)$ pp. 38-42,
October 1977.

(3) Mailloux, R.J. and Mavroides, W.G., HemispericalCoveage of
fFou-acedAircraft ArraýLs, RADC-TR-79-17W, May1979

(4) Hoerner's, S.F., Fluid Dynamic Drag, Section 8-4.

(5) Davis, D., Digiondomenico, O.J., and Kemple, J.A., "A hew Type of
Circuliarly Polarized Antenna Element",, IEEE PGAP Symposium Diget,
1967, pp. 416-31.

(6) Sharp, E.D.. "A Triangular Arrangement of Planar-Array Elements
that Reduces the Number Needed"', IE Trans. on Antenna and
Propogation, March 1961, pp. 126-129.

50



APPENOIX A

EQUATIONS OF CORDOINATE TRANSFORMATIONS OF TENT ARRAY SYSTEM

Scan Cqnto.r. The computation of the scan contours invnives

coordinate transformations from array coordinates to aircraft coordinates.'

The definition and relationship of the coordinates are shown in Figure
A-1. It is assumed that the array is lying on the xy plane of the array

coordinates (x, y, z) and the y' of the aitrcraft coordinates Wx', y'
z') is pointing toward the zenith. The array is rotated around the x
axis by an angle a, relative to the x', y', z' system. An observation
point P, with distanc r away from the origin, can be represented in
either of the coordinate systems as shown in the following.

x rsinQcosQ (A-1)

y rsinesinO

z rcosQ,

x , rsing'sin0g (A-2)
y' rcosg'
zi - rsing'cos0'

The relationship of the coordinates systems is given by

x1 = x (A-3)

y' - cosay + siniz
ZI = -sincoy + cosctz

From Equation (A-2), the angles (0', 0') can be computed as

-1 X'0' tan 7-
- =\(x')2 + (Z' 2' (A-4)

' =tan y,

The scan contours are the peak obtainable gain for the array

beam scanned to the indicated direction (9', 0') in aircraft coordinates.
For small scan angles, the scanning gain Ps of the array is related to the

peak gain in the array normal direction and can be approximated by
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Ps cose, for all 0 (A-5)

Ps is in general, directly related to the active element pattern which
is a function of the isolated element pattern and mutual coupling effects

of the array. It can be written:

Ps a f(Q, 0), (A-6)

For a given scan gain level, the angles (9, 0) are obtained using Equation

(A-5) or (A-6), and the coordinates (0', 0') can be computedusing

Equation (A-4).

Element Pattern. A given element pattern • in array coordinates

can be represented by the element pattern !' in aircraft coordinates through

the following transformation:

E= E * uTSE (A-7)
LEO'

where ~ E

U sinOlcos0' sing'sin0l cosol
cosWcos0' cosQ'sin0' -sing'

-sinO' coso' 0

T 0 -sinot cosa 1
ji0 01

0 Cosa sina

S * singcosO cosQcos0 -sin0
stngstin cosgsin0 cos0

cose -sing 0
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APPENDIX B
AN UNCONVENTIONAL SEPTUM POLARIZER

The waveguide and feed assembly of the side-facing array must

either be loaded with dielectric material or the ridged waveguide used in

order to prevent frequency cut off at low band due to the small element

spacing at the array aperture. An alternative method is to use an uncon-

ventional septum in the polarizer region such to eliminate the use of di-

electric material or ridged wavegulde in this electrically sensitive

region.

The concept of an unconventional septum polarizer treats the

septum region as a combination of successive ridged waveguide sections

and varies the waveguide dimension as the polarizer septum increases its

depth toward the feeding structure. For a typical Xo/2 spaced square wave-
guide array, th~e main body of the unconventional septum polarizer is in-

' corporated into a waveguide transition region where the square waveguide

is doubly tapered into a rectangular waveguide of dimension Xo by Xo/4 as

shown in Figure B-i. The cross-sections and the dimensions of the polar-
izer element are given in Figure B-2.

A conventional septum polarizer maintains uniform waveguide in-

side dimensions so that the propagation constant, 0, is constant for the

field perpendicular to the septum and is a function of dimension b. The

orthogonal mode generated by the septum, however, has a varying S', differ-

ent from 8. One explanation of how the polarizer works is that the

differential phase between the two orthogonal modes can be made equal

to due to the different propagation constants. Hence, it is assumed

that the condition of

1L s'(l)dl- OL

can be met to produce a circular polarization at the aperture.

In the proposed unconventional septum polarizer, the same phase

difference for producing circular polarization is obtained by maintaining
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B' constant and above cut-off. This is achieved by varying the septum

dimension as the waveguide dimensior, a changes along the length. Using

Pyle's* tables for single ridge waveguides and treating the septum

region as a section of ridge waveguides, Table B-1 shows the waveguide

dimensions in septum direction and the propagation constants 8' of the

sections.

Increment a ,c/a Xo/XC d1!

1 O.5xo 2.4 .833 3.476/Xo .60

11/2 0o375Zo 3:2 833 3.476/Xo .35

n .2540o 4.8 .833 3.476/Xo .15

TABLE B-1. WAVEGUIDE DIMENSIONS AND .'

In the above table, the values for a' are given by

2 27r 2 21T 21r ro 2

8,= "- K"c - 1- - I

XO

and is constant for constant value m . This is chosen as .833 which is

a typical figure for the conventional septum polarizer. It can be seen

from the table that the beginning dimension of the septum as .40b and the

ending dimension of .85b are physically realizable. At the beginning,

this dimension can be smoothly transformed to a ridge at the aperture (if

the ridge is used at the element aperture); and at the end, the septum

can join the opposite wall of the waveguide in a controlled notch (for

impedance matching) to seal: off the two input ports.

l*J. R. Pyle; The cutoff Wavelength of the TEIO Mode in Ridged Rectangular
Waveguide of Any Aspect Ratio; IEEE Transactions of Microwave Theory and
Techniques, April 1966.
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The propagation constant 8 for the field perpendicular to the

septum in this case will be varying since the dimension b is varying, The

following table lists a few of the values along the element.

b Xc/b Xo/Xc

O.6,Xo 2 .833 3.476/Xo

o.9 o i.56 5.222/)o

1.oxo 2 .4i7 5.7il/;o

TABLE B-2. WAVEGUIDE DIMENSIONS AND 8

It is seen from this table that 8 will get larger and larger as

b gets wider. However, for the part of the transition near the aperture

where O.5Xo < b < 0.6Xo, there will be a need for an extension of the

aperture ridges to keep - less than .833.

Then the cumulative effects can be made such that:

ZL8(1)dl - 0'L = T/2

which is the opposite of the case for the conventional septum polarizer.

However, it should be noted that this polarizer will be polarized in the

opposite sense compared with the conventional one.
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APPENDIX C
THE COMPUTATION OF ELEMENT PATTERN OF THE TENT ARRAY

The active element pattern of the tent array can be estimated

using infinite array theory, and the fuselage ground plane effects on the

element pattern can be computed employing the theory of geometrical optics.

The fuselage of the aircraft is approximated by a conducting circular

cylinder of radius a. The array is located on the xy plane of the array

coordinate system (x, y, z) which is tilted around the x-axis by angle

ot in relation to the aircraft coordinate system (x', y', z'). The array

and the cylindrical ground plane are shown in Figure C-i. The equations

following describe the radiation fields of the element pattern in the plane

normal to the cylinder and in other directions.

The total radiation field from Source 0 (the phase center of the

element of interest) at observation point P can be written as

r !i(P)ui + ý'u r (C-i)

in which Ii is the electrical field of the active element pattern of the

source in the absence of the surface, fr is the reflected field from the

point 9 R can be found using Snell's law at the cylindrical surface. The

functions ui and ur are unit step functions which are equal to one in the
illumination regions and to zero in the shadow regions. The active element

pattern ! can be represented by*

-i (r2 Festsin-sin~g - e'jkr

where k is the wave number, s, t, are dimensions and 0 is the angle of the
arrayarray lattice as shown in Figure C-2 r, • are spherical coordinates

of the array coordinate system. T and T are the inainbeam transmission

* coefficients of the cophasal array in which all of the elements are excited

with equal magnitude and a progressive phase such that the mainbeam is pointed

• to the direction (Q,0).

*C. A. Chuang & S. W. Lee, "Active Element Pattern of a Rectangular Wave-
Guide in a Periodic Planar Array", a976 URSI Digest, Oct. 10-15, 1976,
Amherst, Massachusetts.
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The reflected field !'r can be written** as
[- p rp -2 ' " s

fr(s) igR).ITr + s(2r +.l ejs (C-3) :

1 2

in which Pr, P2  are the principal radii of curvature of the reflected

wavefront at the point of reflection gR, and s is the distance from OR

to the observation point P(x', y', z').

The dyadic reflection coefficient matrix T is given by

61 F i 1r - (C-4)

with e. the unit vector perpendicular to the incident ray, and .11r, ei,

the unit vectors parallel to the plane of incidence as shown in Figure C-i.

The incident field Oi(QR) at reflection point OR can be written as

Ti = (AeO Be. ) (C-5)

in2 whc ________ ejkri
in h kstsinsingin ejrin A, B are functions ofT, T,inwih .. •P rin ,

obtained through the coordinate transformation (from '6, 07 to ;*I,,

and rin is the distance from the source to 9R.

The principal radii of curvature of the reflecting surface has

been derived by Kouyoumjian** in ray coordinates and are given by

1 = 2sin 2 02
, ÷-rin acosi-

and

11
P2r rin

**R. G. Kcuyoumjian and P. H. Pathak, "A Uniform Geometrical Theory of
Diffraction for an Edge in a Perfectly Conducting Surface", Proc. of
IEEE, November 1974, pp. 1448-1461.
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in which Qi is theincident angle in reference to the surface normal F at

9R, and 92 is the angle between the incident ray Ti and principal dir-
ection 7 (axial direction) of the cylindrical surface at QR.

It should be noted that fr in Equation C-3 is expressed in
coordinates (i\ 1 r, e.)" It can be transformed to coordinate (jW) and

* be added with in Equation C-2 to obtain the total field at point P.

C-4
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